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We present a new state function, denotes the energy of thermal motion, it shows that the energy classifi-
cation for the internal energy has been completed. In a new theoretical structure, we present the concept of
the heat partial pressure, rewrite the equations of the first law, by which, the energy conversion and energy
transport can be distinguished by an explicit way, we redefine the concept of the entropy, and confirm a
conversion potential related to the dissipative compensation, we discuss in detail on the three sources of
irreversibility, and the conversions between the calorimetric entropy and the configurational entropy, an
interesting conclusion shows that the second law itself has contained the mechanism of evolution.
INTRODUCTION
Classical thermodynamics is a phenomenological theory,
until now, there still is a deep issue that has not yet been
addressed: the energy classification for the internal energy
has not been completed due to the heat energy has not been
well defined, this deep issue leads to a complex theoretical
structure of thermodynamics. In this sense, thermodynam-
ics does not seem like a perfect theory.
In the fundamental equation of thermodynamics, there
are the two independent types of the internal energy that
has been confirmed, one is Gibbs free energy, G, was in-
troduced by J.W.Gibbs, in 1873[1], it is an energy function
depending on the particle types and the system state; an-
other one is the mechanical free energy Y x, defined by a
pair of the state variables, the generalized force Y multi-
plied by the extensive variable x. This fact shows that the
internal energy can be classified into some different types,
as we know, Gibbs free energy G and the mechanical free
energy Y x both are the state functions.
However, the classification for the internal energy now
still has not been completed in that the energy of thermal
motion has not yet been confirmed as a state function.
We present a new state function, the heat energy, the
physical meaning of which denotes the energy of thermal
motion, an independent type of the internal energy, such
that, the energy classification for the internal energy has
been completed, the internal energy will be expressed as
the sum of the three independent types of the thermody-
namic energies, this progress will bring a new theoretical
structure of thermodynamics, a profound change will be
brought into thermodynamics.
In a new theoretical structure, the first law has been ex-
tended to two equations, the energy conversion and the
energy transport can be distinguished by an explicit way,
we classify the changes of the heat energy into the two
parts, the heat production and the heat flux, the two rep-
resent heat conversion and heat transport respectively, by
which, Fourier’s equation can be extended into an equation
of heat distribution, combined the processes of heat con-
version and heat transport. In the new theoretical structure,
the physical meanings of the thermodynamic concepts and
principles become easy to be explained.
In a new theoretical structure, we redefine the concept
of the entropy, which is binomial expression, the sum of
the calorimetric entropy and the configuration entropy, we
prove that the entropy is a state function according to the
mathematical theory of exact differential, such that, the
definition of the entropy that with the aid of an imaginary
reversible cycle of heat engine[2] will come back to a strict
proof, depending only on the system state.
In a new theoretical structure, the irreversible processes
will be classified into three fundamental types, and the
driving forces of these irreversible processes are derived
from the different gradients of thermodynamic forces, as
a result, the second law of thermodynamics indicates: For
all of thermodynamic processes, the total entropy produc-
tion of the processes diS ≥ 0, and as a reason, the second
law of thermodynamics is derived from such a fundamental
principle: All of the gradients of the thermodynamic forces
spontaneously tend to zero, in an irreversible process, the
dissipation of the gradients of the thermodynamic forces
cannot be spontaneous recovery completely.
In a new theoretical structure, we discuss the relation-
ship between dissipation and evolution, the second law is
thought to be a law of evolution, the mechanism of evolu-
tion has already been contained in the second law itself, and
the second law is no longer thought to be only a dissipative
law, this point of view comes from such a fact, in a sponta-
neous process or non-spontaneous process, we always have
the total entropy production of the process diS≥ 0, but the
partial differentials of diS can be less than zero, it means
that order and evolution can arise spontaneously.
In a new theoretical structure, we establish a new foun-
dation for discussing the corresponding relations between
thermodynamics and dynamics, it is destined to be a very
difficult work in previous time in that the theoretical struc-
tures of the two are different, the energy classifications in
thermodynamics and in dynamics can hardly correspond
one to one in two different theoretical structures, now we
have a new foundation to reconsider this subject.
We believe, thermodynamics is a self-consistent theory,
in a new theoretical structure, we will witness a profound
change that be brought into thermodynamics, in which, all
of the concepts and principles are comprehensible.
“The fact that it is comprehensible is a miracle.”[3]
2HEAT ENERGY: A NEW STATE FUNCTION
In physics, thermal motion is a state property, and the
energy of thermal motion is thought to be a form of energy,
J.C.Maxwell1[4], R.Feynman[5] explicitly indicated that is
the heat energy, and an earlier idea can also be found from
D.Bernoulli book[6]: “what we experience as heat is sim-
ply the kinetic energy of the great numbers of the particles
motion”, as we know, this great numbers of the particles
motion now is called as thermal motion.
However, there is a common misconception that has
been spreading for a long time: the heat is only a form
of energy in transfer, which is a process variable. This is a
very strange point of view, the heat is a form of energy that
can only exist in energy exchange process.
As a well known fact, the heat transfer is only one of the
sources of the energy of thermal motion, another differ-
ent source involves the various energy conversions, such
as mechanocaloric effect, the heat effects of chemical re-
action or phase transition, this fact is derived from the
non-conserved property of thermal motion, hence, the heat
transfer δQ is only a partial differential of the energy of
thermal motion in the path of the energy exchange, we must
consider another different source, i.e., heat conversion.
Now we consider an example, for an ideal monatomic
gas, all of the internal energy are the energy of thermal
motion, we define this type of energy as heat energy, and
symbolized by q, therefore, by the first law
dU = dq = δQ− pdV, (1)
where U is the internal energy,Q is the heat exchange, p is
the gas pressure, V is the gas volume, and −pdV =δW is
the reversible volume work.
For an ideal gas, the pressure p comes from thermal mo-
tion, so pdV denotes work done by the heat energy q, it
signifies the heat energy of the gas to be converted into
work, and then exchanged with its surroundings.
Using deq denotes the heat exchange and diq denotes the
heat production, we get
deq = δQ, (2)
diq = −pdV. (3)
For pV work of an ideal gas, the work−δW= pdV is the
change in the surroundings, and diq is the change in the
system, thus, the work done −pdV denotes not only the
energy exchange but also the energy conversion between
the system and its surroundings.
Such that, we obtain
dq = deq + diq. (4)
In general, the pressure denotes a force acting per unit
area, which involves different sources, including thermal
motion and the interactions between the particles. Using p
represents the heat partial pressure which comes from ther-
mal motion, using p′ represents the partial pressure that the
other generalized force Y is expressed as a force acting per
unit area, the different sources of the total pressure there-
fore can be distinguished by
P = p+ p′, (5)
where P is the total pressure.
The first law thus becomes
dU = δQ− pdV + Y dx+
∑
j
µ′jdNj
= dq + Y dx+
∑
j
µ′jdNj , (6)
where Y is the generalized force, dx is the generalized dis-
placement, Y dx includes −p′dV , µ′j is the chemical po-
tential of the type -j particles, andNj is the number of such
particles. The internal energy U is the sum of the three
independent types of energies.
An interesting difference shows that “the pressure p has
different sign from other generalized force, if we increase
the pressure, the volume increases, whereas if we increase
the force,Y , for all other cases, the extensive variable, x,
decreases”[7]. This is an interesting criterion that can be
used to distinguish the heat partial pressure p from other
generalized force Y , in this criterion, the pressure p can
only denote the heat partial pressure.
Thus, Eq.(4) can be extended to the general cases.
Now we discuss the differential property of the function
q, and prove that dq is an exact differential.
Consider U=U(T, V, x,Nj), where T, V, x and Nj are
the four independent state variables. Then we obtain[7]
dU =
(
∂U
∂T
)
V,x,Nj
dT +
(
∂U
∂V
)
T,x,Nj
dV
+
(
∂U
∂x
)
T,V,Nj
dx+
∑
j
(
∂U
∂Nj
)
T,V,x,Ni6=j
dNj . (7)
By definition and compare with Eq.(6), q is the function
of the two independent variables T and V
dq =
(
∂q
∂T
)
V
dT +
(
∂q
∂V
)
T
dV. (8)
Compare Eq.(7) with Eq.(8), we get
dq =
(
∂q
∂T
)
V
dT +
(
∂q
∂V
)
T
dV
=
(
∂U
∂T
)
V,x,Nj
dT +
(
∂U
∂V
)
T,x,Nj
dV. (9)
Owing to the fact that dU is an exact differential, by
Eq.(7) and Eq.(9), the two partial derivatives of the internal
energy satisfy the relation that[
∂
∂V
(
∂U
∂T
)
V,x,Nj
]
T,x,Nj
=
[
∂
∂T
(
∂U
∂V
)
T,x,Nj
]
V,x,Nj
(10)
3Such that[
∂
∂V
(
∂q
∂T
)
V
]
T
=
[
∂
∂T
(
∂q
∂V
)
T
]
V
. (11)
Thus we have proven that dq is an exact differential.
Using the functionA denotes the mechanical free energy
within a given system that
A = Y x. (12)
The equation of the first law becomes
dU = dq + dA+ dG
= dq + d(Y x) +
∑
j
d(µ′jNj). (13)
The internal energy U is equal to the sum of the internal
heat energy q, the internal mechanical free energy A and
the internal Gibbs free energyG.
By definitions, A and G both are the non-conserved
quantities, we have the two equations similar to Eq.(4)
dA = deA+ diA, (14)
where deA denotes the mechanical free energy flux, and
diA denotes the mechanical free energy production.
For Gibbs free energy we have
dG = deG+ diG, (15)
where deG denotes Gibbs free energy flux, diG denotes
Gibbs free energy production, similar to Eq.(14).
Thus the concepts “flux” and “production” can be used
as a general method to distinguish the two processes: the
energy transport and the energy conversion.
The equation of the first law thus can be extended that
dU = deq + deA+ deG, (16)
diq + diA+ diG = 0. (17)
Eq.(17) gives the relation
diq = −(diA+ diG). (18)
Eq.(18) denotes the relations of the energy conversion
between the different energy types, the heat production is
equal to the negative free energy productions due to the
internal energy is a conserved quantity.
Now, we consider some applications.
The first example we consider an equation combined
with heat diffusion and heat conversion, which describes
the changes of “the distribution of the heat”[8].
∂qρ
∂t
=−∇ · Jq +
∂iqρ
∂t
, (19)
Jq = −k∇T, (20)
where qρ is q per unit volume, Jq denotes the heat flux
density, t is time, and k is the thermal conductivity.
The second example is the heat effects of chemical reac-
tion or phase transition, the amount of heat production
diq = −diG, (21)
where diq≥0 or diG≤0 can be considered as the criterion
for a spontaneous reaction or phase transition.
Compare Eq.(6) with the fundamental equation of the
classical thermodynamics
dU = TdS − pdV + Y dx+
∑
j
µ′jdNj . (22)
We have
dq = TdS − pdV. (23)
In Eq.(23), the heat energy q is a primary concept, cannot
be defined by a derivational concept, the entropyS, Eq.(23)
is a mathematical relation but not a definitional equation,
in a new theoretical structure, we distinguish the difference
between a primary concept and a derivational concept by
the physical meanings of the concepts.
ENTROPY: EXACT DIFFERENTIAL
In classical thermodynamics, the concept of the entropy
was defined by the aid of Carnot cycle that∮
rev
δQ
T
= 0, (24)
where rev denotes the reversible processes. It given a con-
ditional definition with an additional restriction that the
processes must be reversible that
dS =
(
δQ
T
)
rev
. (25)
It is readily apparent that δQ is a process variable, and
(δQ/T )rev is also a process variable, as the definition of an
exact differential, Eq.(25) cannot be proved in mathematics
due to the additional restriction that the process must be
reversible, in thermodynamics, it is an only exception to
the principles of exact differential.
Since the entropy is a non-conserved quantity, the incre-
ments in the entropy S can be expressed as
dS = deS + diS, (26)
where deS denotes the entropy flux and diS denotes the
entropy production. In this opinion, (δQ/T )rev is only the
entropy of the heat flux δQ, as we discussed above, δQ is
only a partial differential of the heat energy in the path of
the energy exchange.
We now consider a new approach.
Consider the heat flux δQ, it is known as an extensive
quantity, and can be transferred only from higher tempera-
ture to lower temperature, this property shows that δQ re-
lates to the intensity distribution at temperature T . For the
4same δQ, if its distribution in temperature is different, the
intensive property of δQwill be also different, thus, we can
use the function δQ/T to measure δQ and its distribution
property in temperature, and then δQ/T may be named as
the entropy of the heat flux δQ.
dS =
δQ
T
, (27)
In Eq.(27), δQ/T is only a process variable. For a given
system, we need to consider δQ to be transformed into the
internal energy of the system, or the internal energy of the
system to be transformed into the heat flux δQ, how do we
describe the state changes of the system.
Consider reversible conversion processes, and then we
have a simple conclusion [7]
δQ =
(
∂U
∂T
)
V,x,Nj
dT +
(
∂U
∂V
)
T,x,Nj
dV + pdV
+
(
∂U
∂x
)
T,V,Nj
dx− Y dx
+
∑
j
(
∂U
∂Nj
)
T,V,x,Ni6=j
dNj −
∑
j
µ′jdNj
= dU + pdV − Y dx−
∑
j
µ′jdNj , (28)
the equation involves heat storage and heat conversion.
Eq.(28) represents the relation between the external en-
ergy exchange and the changes of the system state. The
left-hand side of the equation represents the external heat
exchange, and the right-hand side of the equation repre-
sents the changes of the system state.
Using Eq.(28) in Eq.(27), it follows that
dS =
δQ
T
→
dU
T
−
Y dx
T
−
∑
j
µ′jdNj
T
+
pdV
T
. (29)
Such that, we obtain the equation that
dS =
dU
T
−
Y dx
T
−
∑
j
µ′jdNj
T
+
pdV
T
. (30)
Eq.(30) is well known as the fundamental equation of
classical thermodynamics.
In Eq.(29), with the aid of the reversible conversion pro-
cesses, the entropy flux δQ/T is converted into the change
dS, of the system state, so Eq.(30) does not need to depend
on reversible processes in that all variables in Eq.(30) are
the state variables.
In Eq.(30), dU is the total differential of the internal en-
ergy, Y dx and the sum of µ′jdNj both are the partial dif-
ferentials of the internal energy U . Thus, according to the
functional relationship of the equation, the partial differen-
tials Y dx and the sum of µ′jdNj both make no contribution
to the entropy. From Eq.(6) we have
dq = dU − Y dx−
∑
j
µ′jdNj . (31)
Using Eq.(31) in Eq.(30), the equation becomes
dS =
dq
T
+
pdV
T
. (32)
The difference of functions in Eq.(30) thus has been
eliminated, and the total differential of the entropy dS is
equal to the sum of the two partial differentials.
Eq.(32) is a binomial expression, the integral of dq/T
represents the calorimetric entropy Sq, and the integral of
pdV/T represents the configurational entropy Sv .
By Eq.(8) and Eq.(32), S is the function of the two inde-
pendent variables T and V . According to the mathematical
theory of exact differential, if the two partial derivatives of
the function S satisfy the equation[
∂
∂V
(
∂S
∂T
)
V
]
T
=
[
∂
∂T
(
∂S
∂V
)
T
]
V
. (33)
dS will be an exact differential.
We now prove this conclusion.
Using Eq.(8) in Eq.(32), it follows that
dS =
dq
T
+
p
T
dV
=
1
T
(
∂q
∂T
)
V
dT +
1
T
(
∂q
∂V
)
T
dV +
p
T
dV. (34)
By Eq.(34) we have[
∂
∂V
(
∂S
∂T
)
V
]
T
=
{
∂
∂V
[
1
T
(
∂q
∂T
)
V
]}
T
=
1
T
[
∂
∂V
(
∂q
∂T
)
V
]
T
, (35)
and[
∂
∂T
(
∂S
∂V
)
T
]
V
=
{
∂
∂T
[
1
T
(
∂q
∂V
)
T
+
( p
T
)]}
V
=
1
T
[
∂
∂T
(
∂q
∂V
)
T
]
V
−
1
T 2
(
∂q
∂V
)
T
+
1
T 2
[
T
(
∂p
∂T
)
V
− p
]
. (36)
Before we compare Eq.(35) with Eq.(36), we need to
prove a well known relation anew that(
∂q
∂V
)
T
= T
(
∂p
∂T
)
V
− p. (37)
From Eq.(34) we have
dS =
1
T
(
∂q
∂T
)
V
dT +
1
T
[(
∂q
∂V
)
T
+ p
]
dV. (38)
It follows that
dS =
(
∂S
∂T
)
V
dT +
(
∂S
∂V
)
T
dV. (39)
5dq can be expressed as the follows
dq = TdS − pdV. (40)
The pressure p and the volume V both are the state vari-
ables, so d(pV ) is an exact differential, we consider
pV = TS − q. (41)
d(pV ) = d(TS)− dq = TdS + SdT − dq. (42)
Using Eq.(40) in Eq.(42), we get
d(pV ) = d(TS)− dq = SdT + pdV. (43)
Where d(pV )=d(pV )(T, V ), we have from Eq.(43)[
∂
∂V
(
∂(pV )
∂T
)
V
]
T
=
(
∂S
∂V
)
T
, (44)
and [
∂
∂T
(
∂(pV )
∂V
)
T
]
V
=
(
∂p
∂T
)
V
. (45)
Since d(pV ) is an exact differential, so that(
∂S
∂V
)
T
=
(
∂p
∂T
)
V
. (46)
Using Eq.(46) in Eq.(39), we get
dS =
(
∂S
∂T
)
V
dT +
(
∂p
∂T
)
V
dV. (47)
Compare Eq.(47) with Eq.(38), the two partial deriva-
tives satisfy the equation that(
∂p
∂T
)
V
=
1
T
[(
∂q
∂V
)
T
+ p
]
. (48)
It follows that(
∂q
∂V
)
T
= T
(
∂p
∂T
)
V
− p. (49)
Thus we have proven the relation Eq.(37).
Using Eq.(49) in Eq.(36), we get[
∂
∂T
(
∂S
∂V
)
T
]
V
=
1
T
[
∂
∂T
(
∂q
∂V
)
T
]
V
. (50)
Compare Eq.(35) and Eq.(50) with Eq.(11), we obtain
the following conclusion[
∂
∂V
(
∂S
∂T
)
V
]
T
=
[
∂
∂T
(
∂S
∂V
)
T
]
V
. (51)
Eq.(51) indicates that dS is an exact differential, S is a
state function. The conclusion perfectly obey the general
rules of exact differential, and does not need to depend on
an imaginary reversible cycle, therefore, there is no excep-
tion to the principles of exact differential.
As the conclusion of Eq.(51), the function changes dS
will be path-independent, the integral of dS around an ar-
bitrary closed path is always equal to zero∮
dS ≡ 0. (52)
In non-equilibrium thermodynamics, the changes in the
entropy may be considered as the sum of the entropy flux
deS and the entropy production diS that
dS = deS + diS. (53)
In this opinion, δQ/T is really the entropy flux deS. The
physical meaning of Clausius inequality is that∮
deS =
∮
δQ
T
≤ 0, (54)
and the second law inequality is actually that∮
(deS + diS) ≥
∮
deS. (55)
It is easy to confirm that Clausius definition does not
contain diS, therefore, it cannot be proved to be an exact
differential in mathematics.
We now consider the two examples. The first example is
a photon gas. Using q=αT 4V , p=αT 4/3 in Eq.(34), where
α is a constant, and then we get that
dq = d(αT 4V ) = 4αT 3V dT + αT 4dV. (56)
dS =
1
T
dq +
p
T
dV
=
1
T
4αT 3V dT +
1
T
αT 4dV +
1
3T
αT 4dV
= 4αT 2V dT +
4
3
αT 3dV. (57)
We have from Eq.(57)[
∂
∂V
(
∂S
∂T
)
V
]
T
=
[
∂
∂T
(
∂S
∂V
)
T
]
V
= 4αT 2. (58)
Thus the entropy of a photon gas is a state function.
The second example is an ideal gas. Using dq=CvdT
and pV =nRT in Eq.(34), where Cv is the heat capacity at
constant volume, n is the number of moles, and R is the
gas constant. We have
dS =
Cv
T
dT +
p
T
dV
=
Cv
T
dT +
nR
V
dV, (59)
and [
∂
∂V
(
Cv
T
)]
T
=
[
∂
∂T
(
nR
V
)]
V
= 0. (60)
Thus the entropy of an ideal gas is a state function.
6For an ideal gas, T=2q/iNk, pV =NkT , we get
dS =
i
2
Nk
q
dq +
Nk
V
dV. (61)
where i is the number of the degrees of freedom of the gas
molecules,N is the number of the gas molecules, and k is
Boltzmann constant.
For a photon gas, we have the photon gas equation
pV =
ζ(4)
ζ(3)
NkT = NR{p}T, (62)
whereN is the number of the photons, ζ(3) and ζ(4) both
are the Riemann zeta functions, R{p}=[ζ(4)/ζ(3)]k is the
photon gas constant.
Consider q=3pV and T=q/3NR{p}, combine Eq.(62)
with Eq.(57) we get
dS =
3NR{p}
q
dq +
NR{p}
V
dV. (63)
All of the variables in Eq.(61) and Eq.(63) are extensive
variables, where iN/q refers to the average energy levels
per degree of freedom of the particles, N/V is the den-
sity function of the particles. In an earlier work[9], we
presented a mathematical model to express the average de-
grees in the distribution of the extensive variables q andN ,
for an ideal gas or a photon gas, the Nature of the Entropy
is a double distributions function.
In Eq.(61) and Eq.(63), dS has the same function form,
it may be the primary equation of the entropy that
dS =
αˆNR{k}
q
dq +
NR{k}
V
dV. (64)
where αˆ denotes a factor, for an ideal gas αˆ = i/2, for a
photon gas αˆ = i, and R{k} denotes the system constant,
for an ideal gasR{k}=k, for a photon gas R{k}=R{p}.
The entropy S, the heat energy q and the volume V are
the three extensive variables, the pressure p can be ex-
pressed as the sum of the partial pressures, therefore that
the entropy is a homogeneous function of degree 1.
According to Eq.(51), Eq.(32) is the perfect definition of
the state function in the usual sense, the fundamental equa-
tion of classical thermodynamics is the equivalent equation
of the definition of the entropy, so Eq.(32) has the same
mathematical results as that can be derived by Eq.(30),
such that, the new approach does not change the mathe-
matical results of the current theories.
THE SECOND LAW: THE TOTAL DIFFERENTIAL
The classical equation of the second law is derived by the
aid of heat engine cycle, it is expressed as the increment
in the entropy of an isolated system dS ≥ 0, and in non-
equilibrium thermodynamics, the increment in the entropy
of an isolated system has been substituted by the entropy
production diS and the inequality diS≥0[10].
We now discuss the entropy production and the second
law, we will distinguish different sources of irreversibility
by an in-depth analysis, derive more general conclusions.
By Eq.(6), for a given system, the internal energy
dU = dq + dA+ dG, (65)
can be classified into the two types according to their qual-
ity loss, the heat energy q, which has some quality loss,
and the free energies A andG, which have no quality loss.
Since A and G both are positive definite, by Eq.(30), the
entropy of the free energies are equal to zero.
Assume a given system in locals equilibrium, and some
irreversible processes occurred between the two locals A
and B, the driving forces of the processes are the gradients
of thermodynamic forces between the two locals. Using the
subscriptA andB denote the locals A and B, the subscript
AB denote the interactions between the locals A and B,
the changes in the internal energy of the processes can be
expressed respectively as follows.
The heat flux driven by the gradient in temperature ∆T
between the two locals A and B satisfies the relation
deq = deqB = −deqA. (66)
The changes in the mechanical free energy
diAAB = −(YB − YA)dx = −∆Y dx, (67)
where the driving force ∆Y ≥ 0 denotes a spontaneous
process, diAAB ≤ 0 represents the free energy loss.
The changes in Gibbs free energy
diGAB =−
∑
j
(µ′jB−µ
′
jA)dNj =−
∑
j
∆µ′jdNj ,(68)
where the driving forces ∆µ′j ≥ 0 denote a spontaneous
process, diGAB ≤ 0 represents the free energy loss.
If some independent processes arise only in the locals A
or B, using the subscripts a and b denote the independent
changes of the locals A and B, respectively, we have
diAA = −YAdxa, (69)
diAB = −YBdxb, (70)
and
diGA = −
∑
j
µ′jAdNja, (71)
diGB = −
∑
j
µ′jBdNjb. (72)
Combine Eqs.(67)−(72), and sum the changes of the two
locals A and B, it follows that∑
k
diAk=diAAB + diAA + diAB
=−(YB− YA)dx−(YA− 0)dxa−(YB− 0)dxb
= −
∑
k
∆Y dx, (73)
7∑
k
diGk = diGAB + diGA + diGB
= −
∑
j
(
µ′jB − µ
′
jA
)
dNj
−
∑
j
(
µ′jA − 0
)
dNja −
∑
j
(
µ′jB − 0
)
dNjb
= −
∑
k
∑
j
∆µ′jdNj , (74)
where, the subscript k denotes the process k.
Since the free energy fluxes will offset each other, so
Eq.(73) and (74) denote the energy conversions, the two
represent the sum of the negative free energy productions.
Such that, we have
−diA = −
∑
k
diAk =
∑
k
∆Y dx, (75)
−diG = −
∑
k
diGk =
∑
k
∑
j
∆µ′jdNj . (76)
By Eq.(18), we have the heat production diq that
diq = −(diA+ diG)
=
∑
k
∆Y dx+
∑
k
∑
j
∆µ′jdNj . (77)
Now we discuss the total differential of the entropy pro-
duction, involving the different sources of irreversibility.
Using Eq.(4) in Eq.(32), we get
dS = deS + diS
=
deq
T
+
diq
T
+
pdV
T
, (78)
where deS represents the entropy flux, and diS represents
the internal entropy production.
The sum of the increments in the entropies of the two
locals A and B is equal to
dS = deS + diS = dSA + dSB . (79)
The increments in the entropy of the two locals that
dSA =
deqA
TA
+
diqA
TA
+
pAdVA
TA
. (80)
dSB =
deqB
TB
+
diqB
TB
+
pBdVB
TB
. (81)
Assume the external entropy flux deS = 0, and then the
sum of the entropy productions of the two locals will be
equal to that
diS = dSA + dSB
=
(
deqA
TA
+
deqB
TB
)
+
(
diqA
TA
+
diqB
TB
)
+
(
pAdVA
TA
+
pBdVB
TB
)
. (82)
In Eq.(82), the heat fluxes satisfy the relation
deqB = −deqA = deq. (83)
It follows that(
deqA
TA
+
deqB
TB
)
=
(
1
TB
−
1
TA
)
deq = ∆
(
1
T
)
deq.
(84)
By Eq.(77), we have(
diqA
TA
+
diqB
TB
)
=
∑
k
1
T
∆Y dx+
∑
k
∑
j
1
T
∆µ′jdNj ,
(85)
where, T is the temperature of the heat conversion.
Using dVr denotes the volume change of the reversible
volume work between the two locals A and B, using dVa
and dVb represent the two independent volume changes
caused by the pressures pA and pB , respectively that
dVA = −dVr + dVa, (86)
dVB = dVr + dVb. (87)
Using Eq.(86) and Eq.(87) in Eq.(82), we get that(
pAdVA
TA
+
pBdVB
TB
)
=
(
pB
TB
−
pA
TA
)
dVr
+
(
pA
TA
−0
)
dVa +
(
pB
TB
−0
)
dVb
=
∑
k
∆
( p
T
)
dV. (88)
The subscript k denotes the process k.
Using Eqs.(84), (85) and (88) in Eq(82), we obtain
diS = dSA + dSB
= ∆
(
1
T
)
deq +
∑
k
1
T
∆Y dx
+
∑
k
∑
j
1
T
∆µ′jdNj +
∑
k
∆
( p
T
)
dV. (89)
The heat flux deq can be considered as a micro-quantity
dq, and the sum “k” can be simplified, thus we have
diS = ∆
(
1
T
)
dq +
1
T
∆Y dx
+
∑
j
1
T
∆µ′jdNj +∆
( p
T
)
dV. (90)
For a non-equilibrium state, consider the spatial distribu-
tion of the gradients, it follows that
diS = ∇
(
1
T
)
dq +
1
T
∇Y dx
+
∑
j
1
T
∇µ′jdNj +∇
( p
T
)
dV. (91)
8In Eq.(91), q is the heat flux, ∇Y we choose the scalar
field, Nj is the particles j flux, dV = dViei+dVjej+dVkek,
where ei, ej and ek are the direction vectors.
For an independent process, it denotes that there is only
one gradient of thermodynamic forces driving the process.
We now consider the independent processes first, these
processes involve to Clausius statement about the second
law, Fourier’s law and Fick’s law of diffusion.
(1). The first type of the independent processes we con-
sider the heat diffusion, a micro-quantity of the heat energy
dq is transferred between different temperatures, the driv-
ing force of the heat diffusion is the gradient in the temper-
ature ∆T , and the direction of the heat flux is determined
by the direction of the gradient in the temperature ∆T ,
thus, the heat energy can only be transferred from higher
temperature Th to lower temperature Tc.
dq(Th)→ dq(Tc).
We have the entropy production
diS =
(
1
Tc
−
1
Th
)
dq = ∆
(
1
T
)
dq ≥ 0. (92)
Eq.(92) represents the dissipation of the heat diffusion
process, which corresponds to Clausius statement about the
second law of thermodynamics.
The heat diffusion process is derived from such a princi-
ple: the gradient∆(1/T ) spontaneously tends to zero.
(2). The second type is the independent process driven
by the heat partial pressure p. Consider a given system, the
heat partial pressure p always points to the normal direc-
tion of the system’s surface, thus the volume change of the
system always be positive definite in a spontaneous process
driven by the heat partial pressure, so we have
diS =
( p
T
− 0
)
dV = ∆
( p
T
)
dV ≥ 0. (93)
Eq.(93) represents such a principle that the gradient
∆(p/T ) spontaneously tends to zero. In Eq.(64), p/T is
a density function of the particles, so Eq.(93) involves to
Fick’s law of diffusion.
(3). The third type of the independent processes is the
free energy transport, in such process, the free energy
partly be converted into the heat energy directly.
By Eq.(77), we have the heat production diq that
diq = ∆Y dx+
∑
j
∆µ′jdNj . (94)
The transport processes obey the law of the conservation
of energy, so diq cannot be less than zero, it follows that
the transport efficiency of the free energy transport process
is less than 100%, thus we get
diq = ∆Y dx+
∑
j
∆µ′jdNj ≥ 0, (95)
where diq ≥ 0 can be used as a spontaneous criterion for
exothermic processes.
Since diq ≥ 0 increases the heat partial pressure p, so
meanwhile, we have pdV ≥0, the entropy production
diS=
1
T
∆Y dx+
∑
j
1
T
∆µ′jdNj+∆
( p
T
)
dV ≥ 0. ,(96)
where T is the temperature of the heat conversion.
Eq.(96) represents the free energy dissipations in an en-
ergy transport processes. The free energy dissipations are
derived from such a principle: the gradients∆Y and ∆µ′j
spontaneously tend to zero.
The reverse processes that the heat energy converts into
the free energy (work), can not progress spontaneously, the
conclusion corresponds to Kelvin statement about the sec-
ond law of thermodynamics.
The the three independent irreversible processes that we
discussed above are the three different sources of irre-
versibility, the driving forces of the processes are derived
from the gradients in the temperature∆(1/T ), in the gen-
eralized force∆Y and in the chemical potential of the type
j particles ∆µ′j , the dissipations of the gradients corre-
spond to d∆(1/T ) ≤ 0, d∆Y ≤ 0 and d∆µ′j ≤ 0, the
reverse processes, a positive gradient production can only
be driven by another gradient and in a coupling process.
In general cases, a coupling process of thermodynamics
involves two or more gradients of thermodynamic forces,
and involves the two basic types: (1) the heat energy is
converted into the free energy with some compensations;
(2) the free energy is converted into the heat energy via the
path of the volume work. The two coupling processes will
be discussed below, respectively.
(1). The first type of the coupling processes is the con-
version of heat into work, the heat energy is converted into
the free energy via the path of the volume work
dq → δWv(−pdVr)→ Y dx+
∑
j
µ′jdNj
where −pdVr denotes the reversible volume work.
Consider an arbitrary coupling process, we have
diq + pdVr = ∆Y dx+
∑
j
∆µ′jdNj + pdVr, (97)
where we only consider a reversible process.
The conversion process obeys the law of the conserva-
tion of energy, so we have
diq = ∆Y dx+
∑
j
∆µ′jdNj = −pdVr. (98)
Combine Eq.(97) and Eq.(98) with Eq.(90), we get
diS =
1
T
∆Y dx+
∑
j
1
T
∆µ′jdNj +∆
( p
T
)
dVr
=
( 1
T
diq +
p
T
dVr
)
= 0. (99)
9The driving forces of the process is derived from the gra-
dient∆(p/T ), according to Eq.(32), the entropy is the sum
of the calorimetric entropy Sq and the configurational en-
tropy Sv, combine Eq.(32) and Eq.(99) that
diS = diSq + diSv
=
1
T
diq +
p
T
dVr. (100)
Since diq ≤ 0, so in Eq.(100), we have
diSq =
1
T
diq ≤ 0, (101)
and
diSv =
p
T
dVr ≥ 0. (102)
The difference between the heat energy and the free en-
ergy is that heat energy q has some quality loss, which can
be measured by the entropy dq/T , and in contrast, the free
energiesA andG have no quality loss, the entropies of the
two are equal to zero.
If the heat energy is converted into the free energy, the
original quality loss will be retained in another form
diSq =
1
T
diq → diSv =
p
T
dVr. (103)
Eq.(103) establishes a compensation mechanism that the
calorimetric entropy diq/T to be transformed into the
configurational entropy pdV r/T , and never disappear, it
shows an interesting fact, that the partial differential of the
total entropy production can be less than zero.
(2). The second type of the coupling processes is the
conversion of the free energy into the heat energy via the
path of the volume work, including the case that the free
energy partly be converted directly into the heat energy.
Y dx+
∑
j
µ′jdNj → δWv(−pdVr)→ dq
Since the free energy partly be converted directly into
the heat energy, so we have
diq = ∆Y dx+
∑
j
∆µ′jdNj ≥ −pdVr. (104)
where −pdVr denotes the reversible volume work.
Using Eq.(104) in Eq.(90), it follows that
diS =
1
T
∆Y dx+
∑
j
1
T
∆µ′jdNj +∆
( p
T
)
dVr
=
1
T
diq +
p
T
dVr ≥ 0. (105)
Similar to Eq.(100), we have
diS = diSq + diSv
=
1
T
diq +
p
T
dVr. (106)
Since diq ≥ 0, so in Eq.(106) we have
diSq =
1
T
diq ≥ 0, (107)
and
diSv =
p
T
dVr ≤ 0. (108)
In this process, the configurational entropy pdVr/T to
be transformed into the calorimetric entropy diq/T .
diSv =
p
T
dVr → diSq =
1
T
diq. (109)
In Eq.(100) and Eq.(106), the total entropy productions
involve the two terms
diS = diSq + diSv ≥ 0, (110)
where diSq denotes the calorimetric entropy production,
and diSv denotes the configurational or density entropy
production. In a coupling process, the total entropy pro-
duction diS≥0, but the partial differentials of diS can be
less than zero.
Under more general situations, irreversible processes
usually show a mixed behavior of the above processes that
we discussed. Combine with Eqs.(92), (93), (96), (99), and
(105), we obtain
diS = ∆
(
1
T
)
dq +
1
T
∆Y dx
+
∑
j
1
T
∆µ′jdNj +∆
( p
T
)
dV ≥ 0. (111)
There are three positive definite sources of the entropy
production: (1). Heat flux only occurs from higher temper-
ature to lower temperature; (2). The independent process
caused by the heat partial pressure; (3). Free energy is con-
verted into heat energy without compensation.
In an irreversible process, the total entropy production
is always positive definite, i.e., diS ≥ 0, but the partial
differentials of which can be less than zero, the second law
itself contains the mechanism of evolution, it means that
order and evolution can arise spontaneously.
As an explanation, the term pV is defined as a conver-
sion potential related to the dissipative compensation in the
path of the heat conversion, and in Eq.(64), p/T denotes a
density function of the particles, dSv=pdV/T involves to
the change in a configuration function.
For a non-equilibrium state, consider the spatial distribu-
tion of the gradients, it follows that
diS = ∇
(
1
T
)
dq +
1
T
∇Y dx
+
∑
j
1
T
∇µ′jdNj +∇
( p
T
)
dV ≥ 0. (112)
Eq.(111) and Eq.(112) are the total differential expres-
sions of the second law of thermodynamics.
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As a conclusion, the second law of thermodynamics in-
dicates such a fact: For all of thermodynamic processes,
the total entropy production of the processes diS≥ 0, and
as a reason, the second law comes from such a fundamental
principle: All of the gradients of the thermodynamic forces
spontaneously tend to zero, in an irreversible process, the
dissipations of the gradients of the thermodynamic forces
cannot be spontaneous recovery completely.
DISCUSSION: A NEW FOUNDATION
Now, a profound change has been brought into thermo-
dynamics, in a new theoretical structure, the internal en-
ergy is classified into the three independent types
dU = dq + d(Y x) +
∑
j
d(µ′jNj). (113)
In Eq.(113), we have ascertained the concept of the heat
energy q, the last one of the independent types of the inter-
nal energy, thus, the energy classification for the internal
energy has been completed.
From Eq.(32), we obtain a binomial expression, an ex-
plicit function of the entropy
dS =
dq
T
+
p
T
dV. (114)
For an ideal gas or a photon gas, a primary equation of
the entropy could be given by
dS =
αˆNR{k}
q
dq +
NR{k}
V
dV. (115)
It is a double distributions function, and the entropy is
proportional to the average degrees of the double distribu-
tions. Perhaps, it represents the nature of the entropy.
In Eq.(112), the driving forces of irreversible processes
are derived from the four gradients of the thermodynamic
forces that
∇
(
1
T
)
, ∇Y, ∇µ′j , ∇
( p
T
)
.
The second law of thermodynamics is derived from a
fundamental principle: the gradients of the thermodynamic
forces spontaneously tend to zero, and in a coupling pro-
cess, the dissipation of one gradient can drive a positive
production of another gradient, it implies, the second law
itself contains the mechanism of evolution.
Thermodynamics involves the two main lines, one is the
law of conservation and conversion of energy, the other
one involves evolution and dissipation, as a macroscopic
theory, it is the summation of all the microscopic dynam-
ical processes, it should be a self-consistent theory, and
should be mutually consistent with dynamics.
For an ideal gas or a photon gas, the natures of the tem-
perature T and the pressure p can be described by
T →
1
R{k}
·
q
αˆN
, p→
q
αˆV
,
(
q =
N∑
j=1
ǫj
)
where ǫj is the kinetic energy of the particle j.
For Eq.(115), an interesting inference can be made
αˆNR{k}
q
dq → R{k}
N∑
j=1
s∑
s=1
αˆ
i
d ln ǫj{s},
where s denotes the degrees of freedom of the particles.
The reversible dynamics is established on a fundamental
principle — the law of conservation of energy, corresponds
to the first law of thermodynamics, however, the first law
does not involve the theoretical structure of the second law,
and does not involve irreversibility, in this sense, we need
to reconsider the corresponding relations of the theoretical
structures between thermodynamics and dynamics.
In a new theoretical structure, we might be able to find
a new conclusion that is similar to the relations between
chemical dynamics and chemical thermodynamics, and
meanwhile, we tend to regard the second law as a law of
evolution, and the total entropy productions diS≥0 as the
spending of the evolution processes [9, 11, 12].
Such an attempt may be the beginning of a new study,
perhaps, the primary structure of theoretical physics might
be distinguished into the two main lines according to the
different laws [9, 12], one being the first law physics, the
other one being the second law physics [9]. We can do, or
cannot do, that is the problem.
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